To measure local lattice deformation on crystal surfaces, a monolithic monochromator system for Mo Kal radiation was designed which uses successive 444 and 022 reflections from an Si crystal. The angular spread of the monochromated beam is 1.7" and the wavelength spread (AA/A) is 1.9 × 10 -5. The system has been applied to precise measurement of the Bragg-case diffraction curve from Ge and GaAs crystals with a triple-crystal arrangement. The percentage reflection and half-width of the diffraction curve at various points on semi-insulating GaAs wafers were measured before and after annealing at 1123 K, with the results that annealing processes are found to be very effective for improving the quality of the crystal.
Introduction
An X-ray beam of narrow spread both in angle and wavelength is desirable to make precise measurements of crystal perfection of single crystals. Such a beam is usually obtained after successive reflection from two separate crystals arranged in a (+, +) setting. The beam thus obtained can be used to examine any third crystal in the triple-crystal arrangement with (+, +, +) or (+, +, -) setting. The triple-crystal diffraction method has been successfully used to determine atomic scattering factors (Kikuta, 1971; Nakayama, Kikuta & Kohra, 1971; Matsushita & Kohra, 1974; Nittono, Yamagishi & Nagakura, 1979) and to evaluate lattice distortion in topographs (Hashizume, Iida & Kohra, 1975; Ishikawa, Kitano & Matsui, 1985) .
An Si monolithic monochromator using successive reflection of Cu Kal radiation to obtain rocking curves from a Ge crystal was constructed by Matsushita (1974) . In this monochromator system, a bending device was used so that the exact Bragg condition was satisfied for the second 333 reflection after the first 620 reflection. Two diffracting planes used in this monochromator, however, have relatively high-order indices, and the zone axis of the two planes is in the unfamiliar direction [134] . To obtain an intense X-ray beam and to make manufacturing of the monochromator easier, it is desirable that both the two diffracting planes and the zone axis have lower indices. With respect to the wavelength, it was reported by Patel, Wagner & Moss (1962) that
Mo K~ radiation was more sensitive than Cu Ka~ radiation to detect imperfections such as dislocations.
In this work, a monochromator system for Mo Ka~ radiation is designed in which one of the diffraction planes and the zone axis have low indices. As an application of the system, the effect of annealing on semi-insulating (SI) GaAs wafers was examined by measuring profiles of Bragg reflection in the triplecrystal diffraction geometry. SI GaAs crystals are promising materials as the substrate of high-speed electronic devices. These crystals, however, contain lattice defects which are distributed nonuniformly, and it is highly desirable to prepare homogeneous substrates. One of the effective processes to make a homogeneous crystal is annealing. The effect of annealing on the homogeneity has been studied by measuring electrical and optical properties (Matsumoto & Watanabe, 1982; Miyazawa, Honda, Ishii & Ishida, 1984; Chin, Camlibel, Caruso, Young & Von Neida, 1985) . In this paper, the crystal quality of GaAs wafers before and after annealing is evaluated through precise measurements of rocking curves.
Experimental

Successive reflection
In order to satisfy the condition for X-rays to be reflected successively by (hlklll) and (h2k212) planes in the double-crystal monochromator, the angle ~o between these planes must be equal to 01 + 02, where 01 and 02 are the Bragg angles for these planes. There are no combinations of such planes which exactly satisfy the above condition in a monolithic crystal.
To make a successively diffracting monochromator from that crystal, the (h2k212) plane must be artificially rotated through an angle A¢ = 01 + 02-~p around the zone axis [uvw] of these planes. Bearden (1967) . t Berger(1984) . results are summarized in Table 1 . It is possible to obtain large and highly perfect Si crystals convenient for making a monochromator. These crystals are usually grown along the (100) or (111) direction. The combinations in Table 1 take account of making a monochromator from an Si block grown in the (111) direction. In this study the combination of 444 and 022 reflections is chosen.
Monochromator system
A high-purity and dislocation-free Si block, 25 x 25 x 25 mm in size, was cut by a diamond wheel. Two pieces of the sub-block with (111) and (011) surfaces were bridged by a thin crystal plate at the rear surface. To remove the damaged layer introduced by cutting, the crystal surface was mechanically polished with 3000 mesh SiC powder and chemically etched in a solution of 5HNOa:3HF.
In the monolithic monochromator successively diffracting Mo Ko~ radiation by the (444) and (022) planes, the second (022) plane must be rotated around the [011] axis by an angle A~ =2.27864 ° to satisfy the exact Bragg condition. Since the Si crystal is very brittle, the rear surface of the crystal block was glued, before cutting, to a Super Invar metal plate having very small linear expansion coefficient and a V-shape groove was formed leaving the thin plate on the rear side. The Si crystal block supported on the Super Invar plate was set in the crystal holder equipped with a bending device to rotate the (011) piece, as shown in Fig. 1 . The holder is made of Super Invar metal and the bending device has a mechanism driven by a screw jointed with a worm wheel. The crystal in the holder is supported by springs so that the crystal was not subject to unexpected displacement during the adjustment.
Upon rotating the (022) plane through the prescribed angle A~p, the normals of the (022) and (444) planes must be kept perpendicular to the axis of rotation. To ensure this the monochromator is set in the geometrical arrangement shown in Fig. 2 . The spatially wide beam of Cu Kal radiation with a small angular divergence obtained by an asymmetrical 444 reflection from an Si crystal irradiates simultaneously the two pieces of the monochromator. It is rotated on the goniometer so that the (444) plane of the monochromator satisfies the Bragg condition, and then the (011) piece is bent carefully and the angle of bending is measured by the angular deviation of the Bragg reflection. By this method the angle A~ can be read to 1". The vertical receiving slits are set in front of the monochromator and the intensity of Xrays reflected by the monochromator is monitored by a counter. To keep this intensity at maximum value in every bending manipulation, the axis of rotation must be kept perpendicular to the normals of (011) and (111) planes within 5' arc. shown by a fine solid line in the figures. These curves include the effect of the incident-beam profile. The characteristic values of the observed and calculated rocking curves are compared in Table 2 . This suggests that the values of the percentage reflection and the half-width are a good measure for the crystal perfection and that the monochromator has good performance.
Experimental procedure
The experimental arrangement of the (+, +, -) setting used to record rocking curves is shown in Fig.  3 . To rotate the specimen a lever attached to the spindle of the goniometer is pushed by the micrometer which is rotated by a synchronous motor through reduction gears. The rotation angle can be determined to an accuracy of 0.1" arc. A conventional X-ray tube with Mo anode (apparent focal size 0.8x0.4mm) was operated at 50 kV and 20 mA. The bearn incident on the third crystal was limited by a slit $2 of 0.1 mm in width and 0.5 mm in height, with which the vertical divergence of the beam was limited to within 5' arc. The intensity of the reflected beam was measured by a scintillation counter combined with a pulse-height analyzer. The ambient temperature was kept at 298.2 (2) K during the experiment. To examine performance of the monochromator rocking curves were measured from a Ge crystal and two kinds of SI GaAs crystals. The Ge crystal was prepared from a highpurity single crystal with (110) surface. Etch-pit density was 20-200 cm -2. The GaAs crystals were a Cr-doped (111) wafer grown by a horizontal Bridgman (HB) technique and an undoped (100) wafer grown by a liquid-encapsulated Czochralski (! EC) technique. The mean etch-pit density was 5 x 107: and 2x l0 s m -2, respectively. Annealing of the GaAs specimens was performed in a quartz tube at a vacuum of 2 x 10 -3 Pa for 1 to 6 h at 1123 K.
Results and discussion
Rocking curves
The observed rocking curves for the 220 reflection of Ge and the 111 reflection of GaAs are shown as a function of A 0, the angular deviation from the Bragg angle, in Figs. 4(a) and (b), respectively. A parameter W indicating the deviation from the exact Bragg condition is also plotted at the top of the figures. The rocking curves were measured at several points on the surface and the value of the percentage reflection and of the half-width do not vary by more than 0.6 and 0.4%, respectively. The curves calculated from the dynamical theory of X-ray diffraction are also Values used for the theoretical calculation of the rocking curves are summarized in Table 3 . In the calculation horizontal angular distribution and spectral distribution of the beam incident on the third crystal were assumed to be constant. The vertical angular distribution was neglected, for it is known that the shape of the rocking curve is almost independent of this distribution. For the GaAs crystal the expression given by Cole & Stemple (1962) for a diffraction curve from a noncentrosymmetric crystal was used. Fig. 5(a) shows percentage reflection and halfwidth measured at a series of points along the (110) radial direction on the H B-grown wafer surface, where the center and an edge of the wafer are located at 0 and 25 mm, respectively. The non-annealed (0 h) wafer is characterized by a low percentage reflection and a large half-width as shown by open squares. As the annealing time increases the percentage reflection increases and the half-width decreases. In the LECgrown wafer both the percentage reflection and halfwidth have been improved by annealing except near a and b indicated by arrows in Fig. 5(b) . In region a, a number of nearly straight dislocations run in the <110) direction (dislocation clusters) and, in region b, surface damage probably caused by abrasion is observed. In region a, an anomalous transmission topograph was taken with the 022 reflection using Cu Kal radiation as shown in Fig. 6(a) . Dislocation clusters indicated by the arrow a and many dislocation networks are seen. It is evident from the strong contrast at the boundary along the arrow a that the crystal is composed of two regions tilted against each other. The rocking curves obtained from the center region a of the wafer show a double peak as shown in Fig. 6(b) . The angular separation between the two peaks is 12.8". It is seen that the heavily deformed region with the dislocation clusters is not improved by annealing as shown in Fig. 5(b) . To examine the effect of annealing in the region beneath the surface, the wafer was chemically etched off by 40 ~m in thickness after annealing for 5.5 h. The result is shown in Fig. 5(b) by the crosses.
Annealing effect for GaAs crystals
The annealed wafer showed a more uniform distribution of percentage reflection and half-width than the non-annealed wafer. In previous annealing experiments it was confirmed that the distribution of grown-in dislocations did not change in GaAs crystals even if annealed at 1073-1123 K (Matsumoto & Watanabe, 1982; Miyazawa, Honda, Ishii & Ishida, 1984) and in a Ge crystal annealed at 823 K (Wagatsuma, Kojima & Sumino, 1970) . Therefore, the improvement in the crystal quality by annealing observed in the present study suggests that an imperfect crystal containing subgrains becomes more perfect by thermal diffusion and redistribution of point defects and/or impurity atoms.
Concluding remarks
A handy monochromator system for the triple-crystal diffraction for use with Mo Ko~ radiation was constructed to obtain a highly parallel and monochromatic beam. This system is stable and convenient for studying nonuniform distributions of crystal imperfections such as dislocations and point defects by measuring rocking curves from selected area.
As an example of measurements, variations of percentage reflection and half-width for GaAs wafers were measured at several points along a radial direction before and after annealing at 1123 K. The results show that annealing increases crystal perfection uniformly over the surface in HB-grown crystals but not for LEC-grown crystals. The present system will be applicable to the study of inhomogeneity induced by segregation and striation of impurity atoms in a dislocation-free GaAs crystal.
